32 countries, ecological (cross-population) analyses (n=52) showed significant independent relations between sample 24-hour median sodium (Na) excretion and sample median BP (systolic BP [SBP] and diastolic [DBP]), and prevalence of high BP. INTERSALT within-population analyses on individuals (n=10 079) showed a significant positive independent linear relation between 24-hour urinary Na excretion and SBP.
R esearch evidence is available that habitual sodium (as salt, NaCl) intake is related directly to blood pressure (BP). 1 For example, in the INTERSALT (International Cooperative Study on Salt, Other Factors, And Blood Pressure) involving 10 079 women and men 20 to 59 years of age from 52 population samples in 32 countries, ecological (cross-population) analyses (n=52) showed significant independent relations between sample 24-hour median sodium (Na) excretion and sample median BP (systolic BP [SBP] and diastolic [DBP] ), and prevalence of high BP. INTERSALT within-population analyses on individuals (n=10 079) showed a significant positive independent linear relation between 24-hour urinary Na excretion and SBP. [2] [3] [4] Dietary data were not collected in INTERSALT. Based on the extensive research data, expert groups have repeatedly made recommendations for population-wide lower Na intake; however, disagreements continue to prevail as to the importance of dietary salt. [5] [6] [7] [8] [9] [10] [11] In the INTERMAP (International Study on Macro/ Micronutrients and Blood Pressure) of 4680 women and men 40 to 59 years of age from 17 population samples in Japan, People's Republic of China, United Kingdom, and United States, each participant collected 2 timed 24-hour urine samples; study staff accrued detailed nutrition data from 4 in-depth 24-hour dietary recalls. 12, 13 Analyses here use these INTERMAP data to assess the quantitative relation to BP of 24-hour urinary Na excretion and the urinary sodium to potassium (Na/K) ratio, and to evaluate whether consumption of multiple macro/micronutrients modulated these Na-BP relations.
Methods
The analytic methods and data tables that support the findings of this study are available from the authors on request.
Population Samples, Field Methods, Dietary, and Urinary Measurements
INTERMAP in 1996 to 1999 surveyed 4680 men and women 40 to 59 years of age from 17 population samples in Japan (4 samples), People's Republic of China (3), United Kingdom (2), and United States (8) . 12 Participants were selected randomly from community or workplace population lists, arrayed into 4 age/sex strata. Each participant attended 4 clinic visits-2 on consecutive days and 2 further visits on consecutive days on average 3 weeks later. Demographic and medical data, obtained by interviewer-administered questionnaire, included daily alcohol intake over the preceding 7 days, cigarette smoking status, attained educational level, physical activity, adherence to a special diet, dietary supplement use, use of antihypertensive and lipid-lowering drugs, and participant's and family history of cardiovascular diseases and diabetes mellitus. Height and weight were measured at 2 visits. Each participant provided 2 borate-preserved timed 24-hour urine collections; aliquots were air-freighted frozen to the Central Laboratory (Leuven, Belgium) for biochemical analyses 12, 14 and to Imperial College London for proton nuclear magnetic resonance spectroscopy. 15 Dietary data were collected by trained, certified interviewers using the in-depth multipass 24-hour recall method; all foods, drinks, and supplements consumed in the previous 24 hours were recorded at each of the 4 visits. 12, 13 Individuals were excluded if they did not attend all 4 visits; diet data were considered unreliable; energy intake from any 24-hour dietary recall was <500 kcal/d or >5000 kcal/d for women or 8000 kcal/d for men; 2 urine collections were not available; other data were incomplete (215 individuals excluded).
Institutional ethics committee approval was obtained for each site; all participants provided written informed consent.
BP Method
SBP and DBP (first and fifth Korotkoff sounds) were measured twice at each visit by trained staff using a random zero sphygmomanometer. A standard range of 3 cuff sizes was available (standard adult, large adult, and small adult/child). BP was measured twice at each study visit, for a total of 8 measurements. Measurements were performed on the right arm with participants seated for at least 5 minutes in a quiet room, with bladder emptied and no physical activity, eating, drinking, or smoking in the preceding 30 minutes.
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Statistical Methods
Diet recall data were converted into nutrients with use of countryspecific nutrient composition tables, updated and standardized across countries by the Nutrition Coordinating Center, University of Minnesota. 13, 16 Measurements per person were averaged, for urinary excretions across the 2 collections, for BP and nutrients across the 4 visits.
Reliability as a measure of possible regression dilution bias for electrolyte excretion-BP relations-expressed as the observed univariate regression coefficient as a percent of the theoretical true coefficient-was estimated by the formula 1/[1+(ratio/2)]×100 for the averages of the 2 urinary Na and K values and of BP at the first 2 and last 2 clinic visits. [17] [18] [19] The ratio is intraindividual variance divided by interindividual variance, calculated from mean electrolyte excretions of the first and second urine collections and from mean BP levels of the first and second 2 pairs of visits (to account for higher correlation between BP levels on consecutive days than on average of 3 weeks apart). Reliability was similarly estimated for body mass index (BMI), calculated as weight divided by height squared (kg/m 2 ). Because urinary data are considered more objective and have greater validity than self-reported dietary data for individuals, the urinary data were used here throughout. Associations of 24-hour urinary Na and Na/K excretions with other nutrients were explored by partial correlation; adjusted for sample, age, and sex; and pooled across countries, weighted by sample size. Multiple 16-cell cross-classification analyses based on quartiles of urinary Na and potassium (K) excretion and multiple linear regression analyses were used to examine relationships of 24-hour urinary Na and Na/K excretions to SBP and DBP and their modulation by other dietary factors.
In the multiple linear regression analyses, several models were used, controlled successively for a larger number of possible confounders, nondietary first, then also dietary. All models were computed without and with adjustment for BMI. Sensitivity analyses included stratification by socioeconomic status, ethnicity, age, and sex; censored normal regression to adjust for potential antihypertensive treatment bias 20 ; and exclusion of participants with cardiovascular diseases or diabetes mellitus. After delineation of Na-BP relations controlled for nondietary factors and BMI, each of many nutrients was assessed separately in regard to its possible modulation of the Na-BP relations; then, further assessments were made as to whether multiple nutrients considered together modulated these Na-BP relations. Interactions were assessed for age, sex, and BMI, departures from linearity tested with quadratic terms. In the analyses for all 4680 participants, regression models were by country and coefficients pooled across countries, weighted by the inverse of their variance; cross-country heterogeneity was tested by χ 2 test. Main findings are from 16-cell cross-classification analyses (quartiles of 24-hour urinary Na and K) and from multiple linear regression analyses on BP differences with 2 SD differences in 24-hour urinary Na and Na/K excretions. Statistical tests were 2-sided; 2-tailed probability values <0.05 were considered statistically significant. Analyses were done with SAS 9.4 (SAS Institute, Cary, NC).
Results
Descriptive Statistics
Data on the INTERMAP participants by country and overall are in (Table S1 in the online-only Data Supplement), including urinary and dietary data. Average SBP was 118.9 mm Hg for all 4680 participants and 118.6 mm Hg for the 2195 US participants; average DBP was 73.8 and 73.4 mm Hg, respectively. For these 2 groups, mean Na excretions were 181.1 and 162.6 mmol/24-h; mean urinary Na/K ratios were 3.89 and 3.08; mean dietary Na intakes were 171.0 and 159.1 mmol/24-h; mean dietary K intakes were 70.2 and 74.6 mmol/24-h; and dietary Na/K ratios were 2.70 and 2.32. For all 4680 participants, partial correlations were 0.42 for urinary Na with dietary Na, 0.56 for urinary K with dietary K, and 0.42 for urinary Na/K with dietary Na/K; for 2195 US participants, these correlations were 0.46, 0.58, and 0.50, respectively; all values were significant (P value<0.001).
Partial correlations for 24-hour urinary Na with Na/K were 0.50 (all 4680 participants) and 0.53 (2195 US participants). Correlations were significant (P value<0.001) for Na with BMI, intake of total energy, total protein, total fats (direct), and total sugars (inverse). Urinary 24-hour Na/K excretion was directly correlated with BMI, total fats, total monounsaturated fats, arachidonic acid, oleic acid, palmitoleic acid, palmitic acid, and stearic acid; it was inversely correlated with dietary magnesium, fiber, vitamin B6, vitamin C, calcium, phosphorus, pantothenic acid, folate, total sugars, riboflavin, copper, non heme iron, total iron, vitamin A, and β-carotene.
Univariate estimates of reliability of the average of two 24-hour urinary sodium values (mmol/24-h; similar for women and men) were 45.6% for all 4680 participants and 42.1% for the 2195 US participants. Findings were similar on reliability of the average of two 24-hour urinary Na/K ratios. All BP and BMI reliability estimates were ≥90%.
Relation to BP of 24-Hour Urinary Sodium Excretion
Multivariate 16-Cell Cross-Classification Analyses on the Na-BP Relation (Excluding BMI) With 24-hour urinary Na and K excretions stratified into quartiles, mean levels of both electrolytes varied sizably across the 16 cells, for example, for all 4680 participants, stratum 4 and stratum 13, 24-hour urinary Na 108.2 and 279.5 mmol, and K 78.4 and 31.9 mmol. With control for age, sex, and sample only, SBP and DBP were consistently higher for those in the highest, compared with those in the lowest quartile of Na excretion ( Figure   S1 ). In 4 multivariate analyses, this finding was not attenuated with control for multiple possible non-nutrient and nutrient confounders. The 4 analyses entailed control of non-nutrient possible confounders and intake of (1) 10 macronutrients, alcohol, fiber, and caffeine (Table S2; Figure) ; (2) 12 vitamins and alcohol (Table S3) ; (3) 7 minerals and alcohol (Table S4) ; and (4) 18 dietary amino acids and alcohol (Table S5 ). In all these analyses, average values for BP remained similarly higher for people in the fourth quartile (Q4), compared with those in the first quartile (Q1) of 24-hour urinary Na excretion. Across the quartiles of 24-hour Na, there was limited evidence that higher K intake blunted the Na-BP relation. Thus, for Na Q1 and K Q4 (stratum 4) versus Na Q1 and K Q1 (stratum 1), SBP was lower by 3.6 mm Hg, but with the other 3 comparisons, smaller differences; Na Q2 and K Q4 versus Na Q2 and K Q1, SBP lower by only 1.1 mm Hg; Na Q3 and K Q4 versus Na Q 3 and K Q1, SBP lower by only 1.0 mm Hg; and Na Q4 and K Q4 versus Na Q1 and K Q1, SBP lower by only 0.2 mm Hg (Figure [A] ) a data pattern suggesting that the higher the 24-hour urinary Na, the less the capacity of K intake to dampen the Na-BP relation. With control for BMI, the Na-BP relation was attenuated in 16-cell cross-classification analyses. Thus, per Table S2 with BMI not in the analyses, the 4 comparisons of Q4 Na versus Q1 Na showed SBP higher by 2.0, 5.2, 3.0, and 5.4 mm Hg for Q4; with BMI also controlled in these analyses (Table S6) , Q4 SBP differed from Q1 SBP by 0.3, 2.2, 0.5, and 1.9 mm Hg (stratum 13 versus 1, 14 versus 2, 15 versus 3, and 16 versus 4 for all 4680 participants). This attenuation of the Na-BP relation by BMI prevailed in multiple analyses.
Multiple Linear Regression Analyses on the Na-BP Relation (Not Including BMI)
Results from multiple linear regression analyses were consistent with the foregoing cross-classification findings on the Na-BP relation. Thus, for all 4680 participants and for the 2195 US participants, 2 SD higher urinary 24-hour Na excretion (134.0 and 118.7 mmol/24-h) was associated with SBP/DBP significantly higher, for example, linear regression model 3 (all 4680) higher by 3.5/1.7 mm Hg (P<0.001) with control for multiple possible non-nutrient confounders, alcohol intake, and 24-hour urinary K (Table 1 ). With addition of 80 separate nutrients (1 only at a time) to these models, the relation of Na to BP remained statistically significant and underwent only small quantitative variation. Findings remained similar in 4 further analyses, each including several nutrients together (Tables S2 through S5) ; the Na-BP relation was not sizably modulated by any combination of multiple other nutrients, macro-or micro-( Table 2) .
Multivariate Linear Regression Analyses on the Na-BP Relation (Including BMI)
With inclusion of BMI in the multiple linear regression analyses, the strength of the Na-BP relation attenuated and ceased to be statistically significant (Table 1 ). This pattern of findings prevailed also with incorporation into these models of each of 80 macro/micronutrients considered singly and the 4 above cited combinations of nutrients. Accordingly, further analyses were done to assess the Na-BP relation separately in each of 3 BMI strata (normal weight, BMI<25 kg/m 2 ; overweight, 25≤BMI<30 kg/m 2 ; and obese, BMI≥30 kg/m 2 ). In multivariate analyses for normal weight people, 2 SD higher sodium intake was associated with SBP higher by 1.7 mm Hg (all 1666 participants) and 2.1 mm Hg (614 Americans; P values, 0.08 and 0.06). Similarly, in these analyses for obese people, 2 SD higher sodium intake was associated with SBP higher by 2.1 mm Hg (all 1073 participants) and 2.1 mm Hg (775 Americans; P values, 0.04 and 0.05). For overweight people, the Na-BP relation was weaker-SBP higher by 0.5 mm Hg (all 1861 participants) and 0.4 mm Hg (800 Americans; P values, 0.54 and 0.71).
Relation to BP of 24-Hour Urinary Sodium to Potassium Ratio
For all 4680 participants and for the 2195 US participants, 2 SD higher 24-hour Na/K ratio (3.3 and 2.5) was associated with SBP/DBP significantly higher without and with control for BMI, for example, linear regression model 2 (all 4680) higher by 3.5/1.7 mm Hg (P<0.0001) controlled for multiple possible nondietary confounders (Table 3 ). With addition of one-by-one of 80 nutrients to these models, the relation of Na/K to BP remained statistically significant and underwent only small quantitative variation. Findings remained similar with inclusion of several nutrients together in 4 additional models; the Na/K-BP relation was not sizably modulated by these combinations of other nutrients (Table S7) .
The significant Na/K to SBP relation prevailed for all 3 weight strata in the analyses for all 4680 people and for the normal weight and obese strata (but not the overweight stratum) for the 2195 US participants (Table S8) .
Discussion
Main findings here for all 4680 INTERMAP participants and the 2195 US participants are the significant direct relationships to BP of both 24-hour urinary Na and Na/K excretions in multivariate analyses without BMI in the models; with addition of BMI to the multivariate models, attenuation of the Na-BP relation, but not the Na/K-BP relation-sizable Na-BP relations for both normal weight and obese participants; no evidence of a J-shaped relation of Na or Na/K to BP; modest modulation (reduction) in strength of the Na-BP relation by K intake at lower levels of Na intake; and no attenuation of the Na-BP or the Na/K-BP association by any of 80 other dietary variables considered one-at-a-time or in 4 multivariate combinations (macronutrients, vitamins, minerals, and amino acids).
These findings on the direct relations in individuals from defined populations of Na and Na/K intake to BP prevailed for women and men, younger and older, across ethnic and socioeconomic strata. They are consistent with those of the INTERSALT Study [2] [3] [4] 21 and go beyond them in demonstrating that these associations prevail with control for multiple other dietary factors and are not attenuated by multiple other dietary factors.
The finding that additions of BMI to the multivariate regression analyses produced attenuations of the Na-BP relationship may reflect (1) higher food and hence higher Na †Animal protein, vegetable protein, cholesterol, total saturated fatty acids, total monounsaturated fatty acids, omega-3 fatty acids, omega-6 fatty acids, total trans fatty acids, total sugar, starch, total dietary fiber, and caffeine.
‡Vitamin A, beta-carotene, retinol, vitamin E, vitamin C, thiamine, riboflavin, niacin, pantothenic acid, vitamin B6, folate, and vitamin B12.
§Calcium, phosphorus, magnesium, heme iron, nonheme iron, copper, and selenium. ‖Alanine, arginine, aspartic acid, cysteine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and valine. consumption with higher BMI (partial correlation of 0.26 for Na-BMI) and (2) transfer statistically of the Na-BP association to BMI-BP. This may have happened because, unlike the nutrient variables, height and weight (used to formulate BMI) are measured with high precision, and well-measured variables may be preferentially selected for multiple regression analyses (transfer bias 22 ) . Such attenuation by BMI of nutrient-BP relations has been encountered in prior analyses. 17 In contrast, the Na/K ratio does not depend on the amount of food eaten (rather the quality of food) and is less correlated with BMI (partial correlation of 0.13), so it is much less prone to such bias. Limitations of our study include its cross-sectional design, thus causal inferences are not possible, regression dilution bias related to imprecise measures, and the possibility of residual confounding. However, extensive efforts were applied to minimize those limitations (continuous observer training, repeated measurements of BP, standardized methods in dietary collection and BP measures, open-end questions, and ongoing quality control).
The findings reported here on the Na-BP relationship add to a wealth of data from animal studies, epidemiological investigations, and randomized controlled trials implicating Na intake in the rise of BP with age and the resultant high prevalence of raised BP and hypertension at middle to older ages. [1] [2] [3] 17, 23, 24 Although the DASH (Dietary Approaches to Stop Hypertension)-like diet-with increase in nutrientdense intakes of vegetables, fruits, whole grains, fat-free and low-fat dairy products, legumes, unsalted nuts and seeds, seafoods, and unsaturated vegetable oils-is effective in lowering BP, 25 the DASH-Na trial 25 showed that Na reduction caused additional BP lowering beyond effects of DASH diet alone. Mechanisms and pathways to explain the independent and interacting effects of DASH diet and Na on BP remain to be elucidated. However, our findings on dietary Na and BP, consistent and reproducible across 17 samples and the 4 countries, have immediate practical implications for public health: the prevention and control of the adverse influences of dietary Na (salt) and Na/K on BP require major reductions in population-wide levels of salt intake; they cannot be accomplished only by substituting other dietary/lifestyle measures, however useful, including the DASH-type diet. Because the majority of salt ingested by Americans and the populations of many other countries comes from commercially prepared products, sizable reductions by the food industry in the salt content of their products are essential efforts to control the epidemic of raised BP worldwide.
In summary, the overall INTERMAP data and the US INTERMAP data confirm the adverse relation of dietary Na and Na/K to BP and show that multiple other dietary factors (macro-and micronutrients), including those influencing BP, 26 have at most only modest countervailing effects on the Na-BP relationship. To prevent and control the ongoing epidemic of prehypertension and hypertension, major reductions are needed in the salt content of the food supply.
Perspectives
Adverse BP levels, prehypertension, and hypertension continue to be prevalent at epidemic rates across US population strata and worldwide. They are important causes of the still ongoing epidemic of cardiovascular diseases. Excess habitual consumption of sodium (salt), derived largely from commercially processed food products, is an important factor in the etiopathogenesis of the unfavorable population BP patterns. Facilitating lower salt intake population-wide, including by accomplishment of sizable reduction in the salt content of commercially prepared foods (eg, breads), is a key strategy for prevention and control of the cardiovascular diseases epidemic.
